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ABSTRACT 

We present the results of an analysis of the data of reactor and accelerator 
neutrino oscillation experiments in the framework of a model with mixing 
of three massive neutrino fields and a neutrino mass hierarchy. The re¬ 
sults of the LSND experiment are commented. Taking into account future 
long-baseline neutrino oscillation experiments, we have also analyzed the 
atmospheric neutrino data in the framework of the model. 

The problem of neutrino masses and mixing is the central issue in neutrino physics 
at present. It is generally believed that the experimental investigation of this problem 
could lead to a discovery of new physics beyond the standard model. We will dis¬ 
cuss here some possibilities to reveal neutrino mixing in experiments with terrestrial 
neutrinos. 

In accordance with the hypothesis of neutrino mixing, HI the flavor neutrino fields 
UiL are linear combinations of the left-handed components of neutrino fields vn, with 
masses rn t : 

Wl = ^ Unnn , (1) 

i 

where U is a unitary mixing matrix. From LEP experiments it follows that the number 
of flavor neutrino fields is equal to three. We would like to stress that LEP data do 
not provide information about the number of massive neutrinos. In fact, if m t <C mz, 
from Eq.(Jlj) for the invisible width of the Z-boson we have 

Unv = y: \Uei\ 2 r 0 (Z — > vv) , (2) 

£,i 

*Talk presented by S.M. Bilenky at the Workshop on Particle Theory and Phenomenology , Iowa State 
University, Ames, Iowa, May 1995. 
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where T 0 (Z —> vv) is the decay width of the Z-boson into a massless neutrino- 
antineutrino pair. Independently of the number of neutrinos with a definite mass, from 
the unitarity of the mixing matrix we have 'Y J \ Ua\ 2 = rig, where ni is the number of 

e,i 

flavor neutrinos. 

The number of massive neutrinos depends on the neutrino mixing scheme. If the 
total lepton number L = L e + + L T is conserved, the massive neutrinos are Dirac 

particles and the number of massive neutrinos is equal to three (Dirac mass term). 
If the total lepton number is not conserved, the neutrinos with definite masses are 
Majorana particles. If the Lagrangian contains only left-handed flavor neutrino fields 
UiL, then the number of massive Majorana neutrinos is equal to three (Majorana mass 
term). In the most general case of neutrino mixing the mass term contains both un 
and UfR fields and the lepton number L is not conserved (Dirac and Majorana mass 
term). In this case the mass matrix is a 6 x 6 matrix, there are six Majorana particles 
with definite mass and 

6 6 


~ Y^ U H V iL 


and 


("mY = Y UliViL ^ = e ’ r ) 


( 3 ) 
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where (vm) L = is the charge conjugated field. 

The most popular mechanism of neutrino mass generation is the see-saw mech¬ 
anism .0 This mechanism is based on the assumption that the violation of the lepton 
number is due to the right-handed fields vm and that the lepton number is violated 
at the Grand Unification scale Mgut- In this case in the spectrum of the masses of 
Majorana particles there are three light masses m, (neutrinos) and three very heavy 
masses M; (M t ~ Mgut)- The neutrino masses are related to the heavy masses by the 
relation 


rrii ~ 


(nn 


f)' 


Mi 


( 4 ) 


where m l F is the mass of the charged lepton or up-quark in the corresponding generation. 

Thus, in most models of neutrino mixing the number of massive neutrino fields in 
the relation (|I|) is equal to three. If the number of massive Majorana neutrinos is more 
than three, then, due to the mixing active flavor neutrinos could be transformed 
into sterile states. 

Let us consider now the oscillations of terrestrial and atmospheric neutrinos in the 
minimal case of neutrino mixing with three massive neutrino fields. We will enumerate 
the neutrino masses as follows: 


m 1 < m 2 < m 3 . 

For the transition amplitudes of neutrinos with momentum p we have 

h'i e 

3 r / a 9 


Au t ^u t , = Yh U(Ji e ~ iEit u *i 
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Here p 2 + m 2 ~ p + Am-, = m 2 — m 2 and L ~ t is the distance between 

the neutrino source and detector. 

Strong indications in favor of neutrino mixing were obtained in solar neutrino 
experiments.!] From the results of these experiments it follows that Am^ — 10 -5 eV 2 (if 
the resonant MSW mechanism is assumed) or A/n 2 i — 10 ~ 10 eV 2 (if vacuum oscillations 
are assumed). If we accept for a value that can accommodate the solar neutrino 

data, we have, for the experiments with terrestrial and atmospheric neutrinos, 


A yngi L 

2 p 


< 1 . 


(7) 


From Eqs.(|5|) and (|7|), for the probability of ug —> v# (ug —> vgi) transitions with 
i' 7 ^ i we obtain the following expressionu: 

( 8 ) 

Here Am 2 = Am 2 ] and the amplitude of oscillations A VlW , is given by 

A-vwf, = A Ve r,u e = 4 |f/a | 2 \Ug' 3 \ 2 . (9) 

For the probability of ug (Pg) to survive we have 


P — P- - — — A 

1 vii-^Vjii 1 u e ^u e , 2 v Wt' 


cos ■ 


Am 2 L 

2 p 


P, 




— Pv e -n> ( — i Pi 
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- „ Am 2 L 

= 1 — 2 Bvtw y — cos 2p 


( 10 ) 


where the oscillation amplitude B VIW is given by 


B„„ = V U, ; „„ = 4 |£/ (S | 2 (1 - |iy 2 ) ■ (11) 

L'+l 


Thus, in the model under consideration all channels of neutrino oscillations are 
characterized by the same oscillation length L osc = inp/ Am 2 . The amplitudes of oscil¬ 
lations are determined by two parameters: \U e3 \ 2 and |[/ m3 | 2 . (Due to the unitarity of 
the mixing matrix \U t3 \ 2 = 1 - \U e3 \ 2 - \U^\ 2 .) 

We will discuss first > u e oscillations. Experiments to search for -X v e 
oscillations are presently under way in Los Alamos (LSND0) and in Rutherford Lab¬ 
oratory (KARMENQ). If there is a hierarchy of couplings among generations in the 
lepton sector, from the results of reactor and accelerator disappearance experiments 
and also from the results of the FNAL E531 experiment!!] which searched for W v T 
oscillations it is possible to obtain restrictions on the allowed values of the parameters 
of —> v e oscillations which are more severe than those obtained from direct v lL —> v e 
appearance experiments. u In Fig.pjwe have presented the upper bounds for the ampli¬ 
tude A v . Ve in the range 10 -1 eV 2 ^ Am 2 < 10 2 eV 2 obtained from exclusion plots of 
reactor and accelerator experiments with the assumption that there is a hierarchy of 
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Figure |T| Figure |] 

couplings. The curve passing throughhhe filled circles was obtained from the exclusion 
plots of the Bugey reactor experiments and the disappearance CDIISbJ and CCFRlLl 
accelerator experiments. The curve passing through the open circles was obtained from 
the results of the Bugey experiment and the results of the FNAL E531 experiment, 
which searched for —> v T transitions. We have also plotted the exclusion curves ob¬ 
tained in the KARMEN (dash-dotted line) and BNL E7760 (dotted line) experiments 
searching for —*• v e transitions. Finally, taking into account that A v . Ve < B Ue - Ve , 
we also plotted in Fig {I] the exclusion plot for B Ue . Ue found in the Bugey experiment 
(dashed line). 

The CHORUS^ and NOMADLa experiments searching for —> u T transitions 
are under way at CERN. In Fig.|l| we have also plotted the range of A„ .„ e that could 
be explored when the projected sensitivity of these experiments is reached. 

It was reported recentlyo that a excess of 9 electron events with a expected back¬ 
ground of 2.1 ±0.3 events was observed in the LSND experiment. Under the assumption 
that these events are due to W P e oscillations, the authors found the allowed region 
in the plane of the parameters A v . Ue —Am 2 . We have shown this region between the two 
solid curves in Fig.|l]. From Fig.|l] it is seen that the LSND allowed region is within the 
region that is forbidden by all the other existing data on the terrestrial neutrino oscil¬ 
lation experiments. Thus, if the LSND result will be confirmed by future experiments, 
it will mean that there is no natural hierarchy of couplings in the lepton sector. 

In fact, in Ref.la we have shown that the observation of W u e oscillations 
with an amplitude larger than the limit given in Fig.[l] can be in agreement with all 
existing data on neutrino oscillations only if lU^ 2 is large and |t/ e 31 2 is small (under 
the assumption that the model with mixing of three massive neutrino fields and a 
neutrino mass hierarchy turns out to be correct). This result would mean that the 
neutrino mixing matrix is basically different from the Cabibbo-Kobayashi-Maskawa 
mixing matrix of quarks and, in this case, we would confront with a very unusual 
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situation in which (and not v T as in the case of hierarchy) is the heaviest neutrino. 
Let us notice also that in the case of large \U^\ 2 and small |C/ e 3 1 2 the results of the 
experiments to search for W v T oscillations will not allow to make any prediction 
about the outcome of the experiments to search for > v e oscillations and vice versa. 

So far we have considered the experiments on the search for oscillations of reactor 
and accelerator neutrinos which could reveal the effects of neutrino mixing if Am 2 is 
in the range 10 -1 eV 2 < Am 2 < 10 2 eV 2 . To further expand the region of Am 2 to be 
explored, we have considered alsoll3 the atmospheric neutrino experiments and the long- 
baseline neutrino experiments under preparation, which are sensitive to much smaller 
values of the parameter Am 2 (Am 2 > 10~ 3 eV 2 ). 

As it is well known, the so-called atmospheric neutrino anomaly was observed in 
three underground neutrino experiments (Kamiokande, A! IMBliZI and Soudan 2L-I). For 
the ratio 

Nr/Nr 

m ( 12 ) 


R = 




MC 


the following value was obtained in the Kamiokande experiment: R = 0.601qq 5 ± 0.05. 
Here A| xp and A r ® xp are the numbers of e-likc and /i-like events and N^- c and N^f- C 
are the numbers of e-like and /i-like events predicted by the MC simulation under the 
assumption that there are no neutrino oscillations. The IMB and Soudan 2 experiments 
obtained values of R compatible with that found by the Kamiokande experiment. 

If there is a real anomaly for atmospheric neutrinos, the most natural explanation 
of it is neutrino oscillations. From the analysis of the Kamiokande data in the simplest 
case of oscillations between two types of neutrinos the following allowed ranges for the 
parameters Am 2 and sin 2 2d (d is the mixing angle) have been founded: 


5 x 10~ 3 < Am 2 < 3 x 10“ 2 eV 2 0.7 < sin 2 2d < 1 


(13) 


in the case of ^ v T oscillations and 


7 x 10~ 3 < Am 2 < 8 x 10~ 2 eV 2 0.6 < sin 2 2d < 1 


(14) 


in the case of u tl ^ v e oscillations. 

At present a wide range of long baseline experiments with neutrinos from reactors 
and accelerators aimed to search for neutrino oscillations in different channels (u e v e 
with reactor neutrinos and ^ z^, /y, v e , ^ v T with accelerator neutrinos) in the 
“atmospheric neutrino range of Am 2 ” are under preparationJLrEa We have analyzed 
the atmospheric neutrino data in the framework of the model with mixing of three 
massive neutrinos discussed above.El We have found that the atmospheric neutrino 
data are well described by this model and we have obtained the allowed regions of 
the oscillation parameters for different oscillation channels that will be investigated 
in future long baseline neutrino experiments. We present here only the Kamiokande- 
allowed region in the channel zy, ^ v T (Fig.[^). In Fig.^Jwe have shown also the region 
of sensitivity of the future MINOS0 (Fermilab-Soudan) and ICARUSH (CERN-Gran 
Sasso) experiments, in both of which the detector will be displaced at a distance of 
about 730 Km from the source. As it is seen from Fig.^j, a large part of the region in 
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the A v ;i/r -Am 2 plane that is allowed by Kamiokande data will be investigated in long 
baseline experiments. 

The problem of neutrino masses and mixing is under very active investigation 
and many experiments that are sensitive to a very wide range of neutrino mixing pa¬ 
rameters are under way at present. From the solar neutrino experiments rather weighty 
indications in favor of nonzero neutrino masses and mixing have been found. Undoubt¬ 
edly, future experiments will lead to a significant progress in the investigation of the 
fundamental properties of neutrinos. 
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